The developing world still largely depends on biomass, such as wood, animal dung and agricultural waste for domestic fuel sources that are typically burned in traditional stoves. Ethiopia has different biomass resource for biochar production, through pyrolysis cook stove co-producing biochar. Coffee husks are the major solid residues from the handling and processing of coffee in the study area. This study was to evaluate the biochar co-producing pyrolysis cook stove with respect to heat transfer through the bed and biochar yield. From allothermal type of pyrolysis cook stove, the stove design was selected for both the computational fluid dynamic (CFD) simulation and experimental measurements. ANSYS 14.5 was used for CFD simulation of the wood combustion. The production of biochar from coffee husk, corncob and sawdust at different heating times, bed and stove surface temperature were undertaken. Bulk density, pH and surface area of the biochar were measured. While good agreement between simulation and experimental result was obtained in the conduction phase during pyrolysis, deviation between the two on account of the effect of volatile gas in changing the temperature trend within the biomass bed was noticed. Within the biomass type, the maximum mean biochar yield (38.91%) was seen from coffee husk. In the case of different stove designs, the minimum mean biochar yield (27.11%) was found from normal Anila stove. The pH of biochar is found to be significantly affected by the type of biomass (9.83 mean for corncob and coffee husk, 6.43 mean for sawdust), heating time (9.19 mean for 90 min and 8.01 mean for 30 min) and stove type (9.52 mean for normal Anila and 8.01 mean for flangeless Anila continuous feeding type). In fact, the type of biomass is observed to significantly affect the bulk density and surface area of biochar.
Introduction


For any biochar colonizing soil bacteria, biochar assists as a source of reduced carbon compounds [1] and is also suitable for using as a soil betterment and fertilizer [2] . Biochar adsorbs both nutrients and organic contaminants effectively [3] . It also improves soil by increasing soil organic matter, soil pH, exchangeable potassium (K), exchangeable calcium (Ca), total phosphorus (P) and cation exchange capacity (CEC), and decreasing soil strength, exchangeable aluminium (Al), soil bulk density and soluble iron (Fe) [4] .
The efficiency of mineral nitrogen (N) fertilizer is improved by soil charcoal amendments [5] . Via ion exchange, biochar can take up and supply N to biomass, and the most promising views are the development of slow-released N fertilizers [6] .
Biochar stimulates immobilization and mineralization with flow on consequences for nitrite (NO 3 -) leaching and reduce ammonia (NH 3 ) via adsorption [6] . Study indicated that cumulative P and K release have contradictory associations with biochar [7] . Water-holding capacity and water available for crop use were increased by adding biochar to the soil [8] . Because of its high porous structure, biochar potentially is responsible for increasing soil surface area, improving water retention [9] and improving water quality [3] . A comparision among the thermal conversion technologies shows that gasifier-produced biochar has higher crop yields than kiln-produced biochar when added to the soil [10] .
The large potential for climate change mitigation of
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biochar produced from gasification was clearly demonstrated through the life cycle analysis (LCA) study [11] . Since pyrogenic carbon is formed by pyrolysis, the biochar proved to be stable and effective carbons sink. Hence, it stays in the soil for long durations. The carbon locked in soil do not get released as CO 2 due to the microbial activity. However, the carbon in the biomass is subjected to easy degradation, since they contain low grade carbon [1, 2] . The effect of the biomass type was seen by comparing kiln-produced chars from different feedstocks, and the coffee husk chars were the most productive [10] . Also, in a different study, usage of agricultural leftover materials as sole biochar feedstock was recommended [12] .
All biochars do not have identical properties, since their characteristics are controlled by factors, such as pyrolysis conditions (pyrolysis temperature, rate of heating), feedstock type and duration of charring. The fitness of biomass for this application is dependent on a number of physical, environmental, chemical, as well as economic and logistical factors. Knowledge of pyrolysis reaction conditions, biochar properties and soil response to biochar amendments can be used to design an optimum biochar for a given area depending on its feedstock availability and soil needs. Biochar is characterized by molecular structure (such as, porosity and surface area), organic carbon content, ash content, pH, CEC and nutritional value in terms of NPK.
Biochars with lower total surface charges but higher surface areas, pH and ash contents were observed to be produced at higher pyrolysis temperatures. These biochars also had higher percentage of carbon (C), but much lower hydrogen and oxygen contents [13] . The biochars varied much in their characteristics [1] . The chemical properties of biochar and its net effect when added to soils were influenced by feed stock, pyrolysis temperature and speed, post handling and storage conditions [14] . An increased release of volatiles as a result of increased pyrolysis temperatures resulted in higher fractions of stable C and total C [15] . Compared to the heating rate, temperature had a pronounced influence on the biochar yield [16] .
As the biochar production temperature increases, the retention of water and nutrient by biochar showed an increasing trend. Shafie et al. [17] agreed that 400 °C is the appropriate temperature to produce quality biochar. For obtaining higher calorific value and the maximum fixed carbon percentage, indirect method is more suitable for carbonization than direct method [18] . The mass of the biomass reduces as the pyrolysis temperature increases, i.e., at 500 °C more biochar yield is observed as compared to 600 °C and 700 °C. At higher temperatures, biochars produced are relatively alkaline in nature [19] . Higher temperature biochars have higher surface area and more micropore volumes than those of lower temperature biochars [20] .
Higher heating value and pH of biochar solution was correlated with pyrolysis temperature [21] .
The objective of this study was to evaluate the impact of transient heating on the biochar yield of selected indirect type pyrolysis cook stove designs using computational fluid dynamic (CFD) simulation and experimentation.
Materials and Methods
Stove Description
The Anila stove is a simple technology for converting biomass to char at household level. The stove has been designed and built by Dr. Ravi Kumar of the Mysore University in India. The stove consists of two metal barrels. The outer barrel is filled up with biomass and the inner is with firewood. After burning the fire wood for 30-40 min, the pyrolysis of the biomass starts. (2) Continuous feeding Anila type stove (S2)-Anila stove was modified to make the fuel (wood) continuous, reduced height and increased outer diameter with flange tightened at six place using bolt and nut; (3) Cornel design stove (S3)-this stove design was taken from Cornell University, USA. The stove has an outer shell for secondary air and pot rest, pyrolysis chamber with legs and pyrolysis chamber lid for protecting syngas leakage; (4) The normal Anila stove (S4).
Biochar Yield and Temperature Measurement
Potential feedstocks selected for biochar production are sawdust, coffee husk and corncob. Each of the selected stove design is used for th temperature (> 500 °C) with 30, 60 and 90 min charring time.
To measure the temperature within the biomass bed, point is marked on the outer surface of the stove 30 cm from ground and drilled to insert type J thermocouple wire up to the center. Then the drilled part of the outer surface of the stove was sealed using epoxy.
The inner and outer surface temperature of the stove was measured using infrared temperature measuring device by selecting a similar region on each surface of the stoves per 10 min interval for all testing conditions. For each condition, the mass of biomass, wood consumed and biochar produced were measured using digital balance of 0.1 g precision. The biochar produced was stored in the storage place by giving a code.
Numerical Simulation
ANSYS 14.5 work bench was used for simulation of wood combustion. ANSYS design modeler was used for stove geometry by selecting one indirect type stove design. Fig. 2 shows the sectional view of the selected stove design.
The biomass bed was thermally coupled to the combustion part for heat transfer.
The value of the specific heat capacity was taken from Refs. [22] [23] [24] [25] [26] for each biomass, and the effective thermal conductivity was calculated using geometric mean model for defining the biomass feedstocks.
The data required at a boundary depends up on the boundary condition type and the physical models employed. Convection loss was considered for the outer surface of the stove using the wind speed data for study location. Standard initialization methods were for the eddy dissipation model, it is sufficient for fuel and oxidant to be available in the control volume for combustion to occur.
The geometry was discretized with the same type of element for both solid and fluid domain, but with different element size.
Biochar Testing
The following testing parameters were undertaken directly for biochar made from coffee husk and sawdust biomass. However, biochar made from corncob was crushed to small size for measuring the parameters.
Biochar pH
Standardized product definition and product testing guidelines for biochar use in soil developed through
International Biochar Initiatives were used for biochar testing. Each produced biochar was mixed and samples was taken.
Biochar pH values were obtained using a ratio of 1.0 g of biochar in 20 mL deionized water with shaking for 1.5 h, using a shaker to ensure sufficient equilibration between solution and biochar surfaces [27] .
Biochar Surface Area
Surface area per gram of the biochar was obtained using Sears method 1956 [28] . A biochar sample of 1.5 g was mixed with 100 mL of water and 30 g NaCl. The mixture was stirred for 5 min, and 0.1 N HCl was added to make final volume 150 mL and final pH as 4.0. It was then titrated against 0.1 N NaOH. The volume (mL) of 0.1 N NaOH required to raise the pH 
Method of Processing and Analysis of Data
The data were analyzed using simple statistical tool and SPSS. The significance of the independent variables was checked using ANOVA. The mean difference was done using LSD for significant factors. Fig. 3 shows the trend of temperature with time at different position of the Anila stove during charring of the selected biomass. The average inner surface temperature of the stove during biochar production using the biomasses (coffee husk, sawdust and corncob) was tried to control by changing the rate of feeding of the fuel to make the reading unfluctuating within the test duration. The data were taken per 10 min interval within 1.5 h test duration, and the average of the first three 10 min interval was calculated and tabulated. Fig. 3 clealy shows the influence of the inner surface temperature, the effect of void fraction and particle density on the packed bed and outer surface temperature of the stove.
Results and Discussion
Measured Temperature during Biochar Production
The temperaure due to heat transfer within the biomass bed from inner surface to outer surface was seen at selected point between the two surfaces in the packed bed. For a given biomass, the higher temperature on the inner surface of the stove gives higher temperature reading in the biomass bed.
In the case of coffee husk biomass, temperature in the bed shifts more to the inner surface temperature. But for corncob biomass, the outer surface temperature reading is the highest, this may be due to the void fraction which facilitates the volatile gas movement. Packed bed of large particles are more porous than packed bed of small particles. So the gas temperature in the bed became lower as the particles became smaller [29] .
It has been observed that the heating dynamics and conversion time of biomass pyrolysis vary with the properties of the packed bed and are also different for the same shape and size of the bed. These results are understandable on the basis of changes induced in the bulk density and presumably the effective thermal conductivity of the sample. As a result, variations are observed in the bulk density, the void fraction and presumably the thermal conductivity of the samples, heat and mass transfer rates. Generally, higher densities appear to reduce the heating rate and the spatial gradients of temperature [30] .
As the external heating conditions are made more severe, spatial gradients of temperature tend to increase so that the effects of the reaction energetics remain visible over a successively thin core of the bed. The more internal zone of the bed is heated very rapidly, whereas for the more external zone, after an almost linear increase where chemical reactions are not active, the temperature shows some changes in the rising rate to attain a maximum well above the final steady value. Hence, the thermal effects due to chemical reactions tend to become constant [31] .
One important aspect in heat transfer is that, as the thermal conductivity of biomass is too low and given the reliance on gas-solid heat transfer, biomass particle size has to be changed to fulfill the requirement of rapid heating [32] .
Comparison of Experimental and Simulation Result
The design of the stove with the cooking pot and pot gap for the sake of simulation was cut into half (half section) to reduce the time of convergence for the selected mesh size and to observe the temperature increase due to heat transfer within the biomass packed bed and to the cooking pot. Fig. 4 shows the temperature gradient in the biomass packed bed of the symmetrical view. The heat transfered from the inner surface which is around the maximum 845 K to the outer surface which is around the minimum 361.6 K. Similarly, by observing the heat distribution on the surface of the cooking pot, the maximum temperature was seen at the bottom center of the cooking pot.
The temperature reading at selected point with heating time of up to 90 min taken per 10 min interval for both the experimrnet and the simulation of coffee husk biomass can be seen in Fig. 5 . Up to 20 min, the temperature within the bed for both experiment and simulation case was almost the same. But, because of the movement of volatile gas, the temperature reading of the experiment highly deviated from the simulation one after 20 min of charring time.
Observing the result of temperatue across the packed bed from inner to outer surface as shown in Fig. 6 , experimental observation is seen to be greater through out the biomass bed. This again can be attributed to the movement of volatile gas.
In the case of sawdust (Fig. 7) , the experimental temperature was seen to be deviating from the simulated one immediately after 10 min for both temperature reading in the biomass bed and that of outer surface of the stove. The differences between the feedstocks come in to play due to the void fraction and the particle density changes.
The effect of effective thermal conductivity was clearly shown in Fig. 8 , where the sawdust biomass bed acts like an insulator increasing the inner surface temperature by not conducting the heat into the biomass bed.
Biochar Yield
Char is created mostly from the thermal decomposition of lignin and some extractive part of biomass, while the volatile matter is transformed into the gas phase and minerals in the biomass are left as ashes. Hence, at the same heating rate and the residence time, the pyrolysis temperature is the most influential factor for the product distribution [33] . Position inner to outer (cm) SD E SD S
The increased yield of gas and liquid probably was derived from the volatilisation of the volatile matters within the biomass as the temperature increased, leading to a decrease of biochar yield. For the same feedstock, biochar yield is highly dependent upon the conditions, under which pyrolysis is carried out, namely, temperature, heating rate, heating time and particle size [34] .
Figs. 9-11 indicate the percentage of biomass weight loss with pyrolysis time. From the result, the rate of increment in weight loss begin to decrease after 1 h. This is typical for lignocellulosic materials, for which the devolatilisation rate depends strongly on the reaction temperature and the rapid release of volatiles starts at temperatures as low as 200 °C. This is likely due to the impact of the decomposition of cellulose, which decomposes quickly [35] .
The decrease in the solid yield with the increasing temperature and charring time could be due to greater primary decomposition of the sample at higher temperature [36] . There is a possibility that an intermediate reaction occurred during the pyrolysis process, which converted biomass into large amount of other products (liquid and gases) rather than totally transformed into solid (char) product. Yields of liquid products are maximized in conditions of low temperature, high heating rate and a short gas residence time, whereas a high temperature, low heating rate and long gas residence time would maximize yields of fuel gas [17] . It is reported by Devi and Saroha [37] that biochar yield produced from biomass decreased with increase in pyrolysis temperature and the maximum yield was observed at 300 °C.
As seen in Fig. 9 , the rate of biomass weight loss was rapidly increasing for S3 and S4. This may be due to the difference in stove design of the outer diameter is large for S1 and S2 and because of the bulk density of the coffee husk compared to saw dust and corn cob in Figs. 10 and 11 .
From the statistical level of significance perspective (Table 1) , inferred from ANOVA, both biomass type and stove are not observed to significantly affect biochar yield. 27.11 ± 2.28 For biomass, results are means of four observations and for stove are means of three observations. Means ± standard error of the results are not significantly different from each other at P < 0.05. 
Biochar pH
It is an indication of the extent, to which the biochar will alter the soil pH, depending on the quantities added. If the pH of the biochar is lower than that of the soil, it will most likely lower the soil pH, in relation to the quantities applied [38] .
The pH of biochar solution depends on the pyrolysis condition and the type of feedstock [13] . From Figs. 12-14 , it was observed that the pH of the biochar increases with charring time, but because of difference in stove geometry, the rate of increment is also different [21] . Heating with high temperature gave pH that is more alkaline than that of the low temperature heating case [19] .
Due to the difference in feedstocks, the pH of the biochar made of sawdust was more acidic than the other two. Comparing corncob and sawdust biochar, more prolysis gas was noticed in sawdust biochar, which makes the pH low [39] . The acidity was confirmed by the presence of negatively charged hard Lewis ligand functional groups in the char, such as carboxyl groups [40] .
The relative increase of ash content in the biochar at more pyrolysis conditions (higher heating temperature and time) was another contributing factor to the rise in pH [41] .
From the statistical analysis (Table 2) , ANOVA test showed that all the parameters significantly affectedthe pH. With respect to biomass, coffee husk and corncob displayed almost same pH, but that of sawdust significantly differ. With respect to time, pH significantly changed from 8.01 to 8.89 between 30 min and 60 min charring time. After 60 min, the change was not significant, this may be because of the release of volatile gas before 1 h. With respect to stove designs, S1 and S2 have similar pH, showing a significant difference from the other stove, especially S4. This may be because of the different height and diameter of the stove.
Biochar Surface Area
Increasing the surface area of a substance generally increases the rate of a chemical reaction [42] . The ensuing carbonization step at high temperature was detrimental to the development of a porous structure in the biochar [43, 44] . Surface area and pore volume may change upon contact with soil by pore clogging from sorbed organic and mineral material, or conversely, possibly by mineralization of volatile matter that may be blocking pores. These properties have been shown to change sorption behavior of mineral and organic matter, which in turn may influence energy and pore space available to soil biota [45] . The surface area of soil is an important physical parameter, which controls essential functions of soil fertility, such as water and nutrient holding capacity, aeration and microbial activity [20] .
The experimental result shows surface area of biochar was decreasing with time on most of the stoves. There may be completion of the solidification stage within the biochar before 30 min [46] or possibly due to ash fusion filling micropores [21] . Too high a temperature will damage the development of porous structures in the char and the walls of the pores become so thin that they collapse [33] . This may also be an indication that the rate of pore formation exceeded that of pore destruction, due to pore enlargement and collapse at the earlier stage and then vice versa at the later stage of pyrolysis [47] . It is the phenomenon where micropores become filled with tars (condensed volatiles) and other decomposition products, partially blocking porosity [48] . The longer holding times reduced the char reactivities, which could be explained by thermal annealing as well as the reduction of the surface area as the conversion proceeded [35] . In Fig. 15 , surface area of biochar produced on few stove geometry has a tendency of decreasing and then increasing with time. This may be due to the generation of porosity.
Surface area of biochar produced from all the feedstocks was low (< 10 m 2 /g) in line with other observations [49] . From Table 3 , the ANOVA test shows only biomass significantly affect the surface area of the biochars. Within the biomass, surface area of coffee husk biochar significantly differ from sawdust and corncob biochar. This may be due to the difference in bulk density and void fraction.
Conclusions
From both simulation and experimental test, it can be concluded that the stove geometry, fuel feed control during operation, heating time and type of biomass are the governing parameters in changing the quality of biochar.
The maximum temperature within the biomass bed is 577 °C for coffee husk biomass using normal Anila stove, and the maximum outer surface is 271 °C for corn cob biomass using Cornel stove. The effect of the biomass type and the type of stove design were less in changing the biochar yield, of which the maximum mean was 38.91% from coffee husk biomass and the minimum mean was 27.11% from Anila stove. The significant effect of the volatile gas on changing the temperature trend within the biomass bed from the simulation was observed from the deviation between experiment and simulation at longer charring times.
The pH of biochar is significantly affected by the type of biomass (9.83 mean for corncob and coffee husk, 6.43 mean for sawdust), heating time (9.19 mean for 90 min and 8.01 mean for 30 min) and stove type (9.52 mean for normal Anila and 8.01 mean for Anila continuous feeding flange less). In fact, the type of biomass significantly affects the bulk density and surface area of biochar. Using one stove, charring (after cooking) three times per day, more than 1.15 ton of biochar can be produced per annum with the possibility of 1.45 ton carbon sequestering through the assumption that 70% is stable for at least 100 years.
Further research would be beneficial for obtaining biochar yield, tar and volatile gas generated at different pyrolysis condition (biomass type, heating temperature and heating time) for specific stove design using pyrolysis modeling and CFD simulation.
